Relaxation of free volume in Zr 50 Cu 40 Al 10 bulk metallic glass during isothermal annealing below T g (glass transition temperature) has been investigated by using positron annihilation lifetime and coincidence Doppler broadening (CDB) techniques. The mean positron lifetime decreases with increasing annealing time at each annealing temperature. The decrease in lifetime is due to shrinkage and annealing out of the free volume. The relaxation kinetics of free volume obeys the stretched exponential function (KWW: Kohlrausch-Williams-Watts law). An adjustable parameter of the KWW exponent depending on temperature was determined. The electron momentum distribution around free volume derived from a CDB spectrum during annealing showed no appreciable change at each temperature. These results suggest that longrange atomic diffusion and rearrangement, particularly around the free volume, do not occur essentially during relaxation below T g .
Introduction
The thermal relaxation in bulk metallic glass (BMG) below the glass transition temperature (T g ) is thought to originate from slight changes in atomic positions in the frozen-in liquid phase where the local atomic configurations tend to have lower free energy. Many physical properties, such as viscosity, atomic diffusivity and ductility are affected by relaxation. [1] [2] [3] The structural relaxation of bulk metallic glass depends strongly on frozen excess open volume, which is generally called free volume. The free volume is introduced into bulk metallic glasses by rapid quench. Nevertheless, the atomic behavior around the free volume during relaxation has not been clarified yet. According to the free volume theory, 4) the origin of the relaxation for amorphous materials can be deduced from the change in the free volume, so that the nature of the free volume is important.
Zr-based or Pd-based bulk metallic glass, which has a good glass forming ability, allows us to study the mechanism of structural relaxation during isothermal annealing. Recently, Gallino et 6) is also clearly described by this function at each annealing temperature (T a ). Thus the kinetics of relaxation behavior based on the free volume theory has been often studied in terms of specific heat, but any direct atomic behavior around the free volume has not been clarified yet. Positron annihilation spectroscopy is a powerful tool to detect vacancy type defects. This technique is possible to detect the free volume in the bulk metallic glass. 7 9, 10) In this paper, therefore, we describe the results of free volume relaxation process in the same bulk metallic glass at each annealing temperature below T g by positron annihilation techniques.
Experimental
A rod-shaped sample of Zr 50 Cu 40 Al 10 bulk metallic glass (8 mm Â 60 mm) was produced by the tilt casting method in an arc furnace. 11, 12) The glass transition temperature of this sample was 675 K, which was determined by differential scanning calorimetry (DSC) measurement. For positron annihilation measurements, this sample was cut into specimens of about 0.5 mm thickness. These specimens were annealed isothermally at 473, 573 and 673 K up to 18 ks. At each annealing step, positron annihilation lifetime measurements by using a conventional fast-fast circuit with a time resolution of about 200 ps (FWHM) and coincidence Doppler broadening (CDB) experiments were carried out at room temperature. As a positron source, we used 22 NaCl with an activity of 286 kBq, which was sandwiched by thin Kapton foils. The positron annihilation lifetime and coincidence Doppler broadening spectra consist of 1:0 Â 10 6 and more than 2:0 Â 10 8 counts, respectively. All the positron annihilation lifetime spectra were analyzed by single lifetime component with the POSITRONFIT program. 13) In the CDB experiment, pure Zr, Cu and Al were also measured and analyzed as refernce materials. The densities of the asprepared and annealed rod-shaped specimens were measured with an Archimedes method. The as-prepared and annealed specimens were characterized by X-ray diffraction (XRD) measurement. Figure 1 show the change in density and positron lifetime for Zr 50 Cu 40 Al 10 bulk metallic glass during isothermal annealing at 473, 573 and 673 K. Positron lifetimes for all samples before relaxation are about 163 AE 2 ps. This value can be compared with those of pure Zr (165 ps) 14) and of fcc Cu including single vacancies (168 ps) 15) and indicates that the size of free volume in Zr 50 Cu 40 Al 10 bulk metallic glass is small like a single vacancy in crystal. As can be seen in Fig. 1 , the positron lifetime decreases and the density increases with increasing the annealing time, and their values are saturated depending on temperature. Figure 2 shows that the saturated value (values at the annealing time of 3600 s) of positron lifetime change is well correlated with that of the macroscopic change in density. This shows that the change in the free volume observed by positron annihilation lifetime measurement is related to macroscopic change in density. The free volume theory 4) shows that the total amount of the free volume relaxation has to increase with decreasing the annealing temperature. However, our result exhibits that the relaxation of free volume is larger for higher annealing temperature, suggesting that the structural relaxation for this specimen has never been completed even after annealing time of 18 ks, and we have observed only the relaxation process of lower activation energy for each annealing temperature. As the relaxation process is more incomplete for lower annealing temperature, the saturated values of density and positron lifetime for lower annealing temperature is smaller than that for higher annealing temperature.
Results and Discussion
As the activation energies for the relaxation process in bulk metallic glasses are expected to have a broad distribution because of their random arrangement of atoms, the relaxation behavior in amorphous materials is usually expressed not by a single relaxation type (Debye type) function but by a stretched exponential relaxation function 16) given by
where ðtÞ ¼ ðtÞ À relaxed , 0 ¼ as-cast À relaxed , ðtÞ is an average positron lifetime at the time of t, and t 0 is an average relaxation time. And relaxed and as-cast are relaxed positron lifetime and as-prepared positron lifetime respectively. indicates the distribution of activation energy for structural relaxation. This is called the KWW function. The small value of suggests a broad distribution of activation energy, whereas ¼ 1 reflects a single relaxation process. Figure 3 shows the value of ðtÞ= 0 as a function of annealing time for each annealing temperature. By fitting the experimental data with KWW function, where is a fiting parameter, we can determine the value of as 0.65 for 473 K, 0.88 for 573 K and 0.96 for 673 K as shown in Fig. 4 . It has been found that the parameters t 0 and depend on annealing temperature. The value of ¼ 0:65 at 473 K, which is far below T g , indicating a broad distribution of activation energy for free volume relaxation and the value of ¼ 0:96 close to 1 at 673 K just below T g , indicating very narrow distribution of activation energy were derived. This result is in good agreement with Gallino's report, 5) in which the values of in the enthalpy relaxation also depend on the annealing temperature for another type of Zr-based metallic glasses (Zr 58:5 Cu 15:6 Ni 12:8 Al 10:3 Nb 2:8 ). So far the dependence of during free vlume relaxation in this bulk metallic glass has not been studied in terms of the wide range annealing temperature. In this paper, the free vlume relaxation could be observed in the range between high temperature and low temperature, and we found that single activation energy of free volume relaxation process can be observed at higher temperature, and wide distribution of the activation energy can be detected at lower temperature. Figure 5 shows the coincidence Doppler broadening ratio spectra of as-prepared and isothermally annealed specimen at 473 K for 1 ks to 1:8 Â 10 2 ks, in the form of observed coincidence Doppler broadening intensity to that obtained for pure Al. For comparison we also show CDB spectra of Zr and Cu pure metals. The CDB spectra do not exhibit any significant change during annealing. This tendency is also observed at 673 K, which is just below the T g . 9) These results demonstrate that the local chemical environment around the free volume remains essentially the same during the relaxation process; namely, no long-range diffusion around the free volume takes place in spite of the decrease in the free volume. Saida et al., have reported that the icosahedral local structure exists in Zr-based ternary and binary metallic glasses, and they does not indicate significant change in local structure during nanoquasicrystallization. 17) K. Kristiakova et al. have suggested that the distribution of free volume in the amorphous is wider comparing to crystal. 18) Taking into account for such results, we can conclude that structural relaxation around free volume is not caused by atomic re-ordering or diffusion but possibly by the inter micro-cluster motion, their relaxation and chemical ordering.
Conclusions
The structural relaxation of the Zr 50 Cu 40 Al 10 bulk metallic glass was studied by positron annihilation lifetime and coincidence Doppler broadening measurements. The following conclusions have been obtained. The structural relaxation below glass transition temperature in Zr 50 Cu 40 Al 10 bulk metallic glass depends on the annealing temperature, and density relaxation is closely related to free volume relaxation. The free volume relaxation detected by positron lifetime measurement obeys the stretched exponential type KWW function with the exponent , which depends on annealing temperature. We found that single activation energy of free volume relaxation process can be observed at higher temperature, and wide distribution of the activation energy can be detected at lower temperature. The CDB spectra show no appreciable change during relaxation at any temperature, suggesting that the local chemical environment around the free volume does not change. In other words, no long-range diffusion or rearrangement around the free volume takes place in spite of the decrease in the size of free volume. Relaxation process in ZrCuAl bulk metallic glass is probably due to the local micro-cluster motion and their short range atomic ordering. 
